Despite considerable progress in the understanding of two-dimensional structures of squall lines, little attention has been paid to the along-line variability of these convective systems. In this study, the roles of meso-and larger-scale circulations in the generation of along-line variability of squall lines are investigated, using an 18-h prediction of a frontal squall line that occurred on 26-27 June 1985 during PRE-STORM (Preliminary Regional Experiment for Stormscale Operational Research Meteorology). It is shown that the Canadian regional finiteelement (RFE) model reproduces reasonably well a number of surface and vertical circulation structures of the squall system, as verified against available network observations. These include the initiation, propagation, and dissipation of the squall system, surface pressure perturbations, and cold outflow boundaries; a midlevel mesolow and an upper-level mesohigh; a front-to-rear (FTR) ascending flow overlying an intense rear-to-front (RTF) flow; and a leading convective line followed by stratiform precipitation regions.
Introduction
Considerable progress has been made in recent years on the understanding of two-dimensional structures and evolution of midlatitude squall lines. These mesoscale convective systems (MCSs) often exhibit a line of deep convection, followed by a region of stratiform precipitation (e.g., Ogura and Liou 1980; Houze 1985, 1987; Johnson and Hamilton 1988; Biggerstaff and Houze 1991a) . Their internal flow structures are characterized by a front-to-rear (FTR) ascending current of higher equivalent potential temperature e air overlying an elevated or descending rear-to-front (RTF) flow of low-e air (e.g., Moncrieff 1981; Houze 1985, 1987; Rutledge et al. 1988; Zhang and Gao 1989) .
Midlevel mesovortices or intense cyclonic vorticity concentrations (Stirling and Wakimoto 1989; Brandes 1990; Bartels and Maddox 1991; Biggerstaff and Houze 1991b; Zhang 1992) , as well as midlevel mesolows (Zhang and Gao 1989; Biggerstaff and Houze 1991a; Lin and Johnson 1994) and upper-level mesohighs (Zhang and Gao 1989; Gallus and Johnson 1992) , have been found to develop in the trailing stratiform regions. Most of these features, organized on the meso-␤-scale (i.e., order of 20-200 km; Orlanski 1975) , have been summarized in the conceptual model of squall lines by Houze et al. (1989) .
In contrast, much less attention has been paid to the along-line variability of squall's internal structures, due partly to the limited area of high-resolution observations and partly to the limited capability of numerical weather prediction (NWP) models to resolve multiscale circulations. Recently, the variability of rear inflow jets has been the subject of a few studies. For instance, previous studies showed that the variation of rear inflow intensity B É L A I R A N D Z H A N G could be related to convectively induced midlevel mesolows (Smull and Houze 1987) or mesovortices (Zhang 1992) ; namely, it is stronger (weaker or absent) to the south (north) of a midlevel mesovortex. Thus, Zhang (1992) postulated to visualize the midlevel mesoscale rear inflow jet as part of the vortex circulation. Davis and Weisman (1994) and Skamarock et al. (1994) simulated squall lines that exhibit asymmetric circulations in the vicinity of mesovortices when the effect of earth rotation is included. Such three-dimensional flow structures even arise at the convective scale, as demonstrated by Weisman (1993) , in which rear inflow jets are enhanced in the middle of a convective bow-echo line due to the development of meso-␥-scale (i.e., order of 2-20 km ; Orlanski 1975) vortices at the ends of the line (i.e., bookend vortices). Klimowski (1994) noted from dualDoppler analyses that the rear inflow jet is stronger in regions of high-reflectivity cores, confirming the importance of convective-scale forcing.
Similarly, little attention has been paid to the role of large-scale flows, which normally influence the development and organization of deep convection along squall lines. In particular, squall lines often occur in the vicinity of midlevel short-wave troughs or upper-level jet streams (e.g., Ogura and Liou 1980; Srivastava et al. 1986; Leary and Rappaport 1987; Johnson and Hamilton 1988; Carbone et al. 1990 ). Thus, we should expect that the internal circulation structure of squall lines may vary, depending on their location with respect to the large-scale disturbances. For instance, the circulation of a squall line that develops at the base of a baroclinic trough, where the RTF ambient flow is stronger, could differ from that of a squall line that occurs to the north of the base or ahead of the trough. In this regard, Zhang and Gao (1989) showed the importance of a large-scale RTF flow component associated with an upper-level jet stream prior to the development of the 10-11 June 1985 PRE-STORM (Preliminary Regional Experiment for STORM-Central; see Cunning 1986 ) squall line. This has been recently confirmed by Yang and Houze (1995) and Gallus and Johnson (1995) , who could only simulate half of the RTF flow intensity associated with the 10-11 June squall system, without inclusion of the largescale forcing in their model initial conditions. In other cases, however, such a large-scale support may be less obvious, particularly for mesoscale convective systems (MCSs) in which rear inflows are weak and less extensive (see Smull and Houze 1987) . Nevertheless, even within a single linear squall system with a length scale of several hundred kilometers, the vertical circulation at one location would differ from that at other locations when it is embedded in a large-scale curved flow.
The purpose of the current study is to address the roles of meso-and larger-scale circulations in the generation of variable (meso-␤-scale) internal structures (e.g., FTR and RTF flows, mesolows and mesohighs, stratiform regions) within midlatitude squall lines, using an 18-h simulation of a frontal squall system that occurred on 26-27 June 1985 during PRE-STORM. This squall system has been documented by Trier et al. (1991) and Lin and Johnson (1994) . They showed that the squall line, having a length scale of 1500-1800 km, developed ahead of a surface cold front with a pronounced baroclinic trough aloft. Their analyses also revealed the development of an upper-level stratiform region at the rear of the squall system, with classic twodimensional flow structures as described earlier. Moreover, Lin and Johnson (1994) noted two different types of RTF flows: an elevated one that intensified in response to the development of a midlevel mesolow (Smull and Houze 1987 ) and a surface-based one that was related to the cold frontal circulation. These two observational analyses provide useful information on the understanding and model verification of the 26-27 June squall system for the current study. They are, however, limited to only the southern segment of the squall system that was covered by the PRE-STORM network. It remains uncertain whether similar across-line circulations would develop at the northern segment of the squall line. If not, what are the roles of the meso-and larger-scale circulations in determining the different internal structures of the squall system? Thus, the primary objectives of this study are to 1) examine the mesoscale predictability of variable meso-␤-scale circulations of the 26-27 June 1985 squall line using a high-resolution research version of the Canadian regional finite-element (RFE) model, 2) investigate the along-line variability of organized deep convection and the squall's internal structures, and 3) clarify the multiscale interactions involved in the development of rear inflow and FTR flows in the current squall line.
The presentation of the results is organized as follows. The next section discusses briefly the main features of the RFE model and the initial conditions. Section 3 provides verification of the 18-h model prediction against available observations and examines the twodimensional vertical structure of the squall line. Section 4 describes the model results that are related to the along-line variability of the organized convection, as well as its associated prestorm environment. In sections 5 and 6, we investigate the along-line variability of the meso-␤-scale structures and weather conditions of the simulated squall system due to meso-and larger-scale circulations, respectively. A summary and concluding remarks are given in the final section.
Model description and initial conditions
An improved version of the RFE model is used for this study, with a high-resolution uniform grid interval of 25 km over the central domain covering most of the United States and southern Canada; outside this central domain, the grid size increases by a constant factor (ϳ14%) in every direction until the equator is reached (see Fig. 1 ). Table 1 summarizes the basic model features; they are the same as those used in Bélair et al. Trier et al. (1991) . (1994, 1995) . Briefly, the RFE model incorporates a modified version of the Fritsch and Chappell (1980;  hereafter referred to as FC) convective parameterization scheme (Zhang and Fritsch 1986) , which is coupled with an explicit moisture scheme predicting cloud water (ice) and rainwater (snow) (Hsie et al. 1984; Dudhia 1989; Zhang 1989 ). This version of the model is similar to that used operationally at the Canadian Meteorological Center (CMC), except for the above physics package and the high-resolution grid length. The model is initialized at 1200 UTC 26 June 1985 with conventional meteorological observations using the same procedures as those described in Bélair et al. (1994) . No supplementary data were treated for the model initialization, since the PRE-STORM network did not collect detailed observations until 1800 UTC 26 June when the squall line under study was initiated.
At the model's initial time, a large-scale surface cold front extends from western Texas to western Ontario, with a low pressure zone located over western central Kansas (see Fig. 2 ). The surface circulation shows an anticyclonic northerly cold current associated with the high pressure center over Wyoming and a warm moist southerly flow ahead of the cold front; the two air currents converge along the front. As will be shown in section 4, the prefrontal environment is conditionally unstable, with convective available potential energy (CAPE) of approximately 2500 J kg Ϫ1 (see Fig. 11 ). This prefrontal environment, in conjunction with thermally direct circulations associated with frontogenesis (Trier et al. 1991) , provides favorable conditions for the development of deep convection 6 h later. At 500 hPa, a large-amplitude baroclinic trough corresponding to the surface front is present (Fig. 3) , with the base of the trough located just upstream of the PRE-STORM network (i.e., over Kansas and Oklahoma) . Note that the midlevel flow associated with the trough is nearly equivalent barotropic, whereas the prefrontal flow is nearly barotropic (i.e., having little gradient). For additional details on the environmental conditions, the reader is referred to Trier et al. (1991) .
Model verification
Before examining the variable internal structures of the 26-27 June squall line, it is important to ensure that the RFE model reproduces reasonably well the basic structures and evolution of the system as verified against all available observations. In this section, radar summaries, rawinsonde observations, Doppler data, satellite imagery, and surface analyses are used to help validate the model prediction and describe the general evolution of the squall system. In the following subsections, we verify the prediction of surface features, including precipitation, area of organized convection, sea level pressure, and temperature fields, and then investigate the predicted tropospheric structures of the squall system.
a. Surface features
The squall line was initiated ahead of the surface cold front over Nebraska and Kansas at about 1800 UTC 26 June (Trier et al. 1991) , that is, 6 h into the integration, hereafter 26/18-06. Then, as the daytime boundary layer developed, the convective activity expanded rapidly north-and southward along the front, leading to the generation of a long and intense line of deep convection that extended from Texas to Lake Superior by 27/00-12 (see Figs. 4a and 5a ). Precipitation also occurred behind the convective line, that is, over South Dakota, in association with the lower-level cloudiness visible in the satellite imagery (cf. Figs. 4a and 5a) . The convective activity in the southern portion of the squall line, which was located over the PRE-STORM network, weakened after 27/00-12, but it still remained well organized even at 27/06-18 [see Figs. 4b and 5b herein and Figs. 3e-h in Lin and Johnson (1994) ]. In contrast, the northern portion of the convective system was almost completely dissipated by 27/06-18. Only a notable area of precipitation was found to the rear of this northern segment, that is, over North and South Dakota (Figs. 4b and 5b) .
The model predicts well the initiation of the squall line at nearly the right time and location (not shown), as well as the distribution and orientation of convective activity along the squall line during the mature (i.e., 27/00-12) to dissipating (i.e., 27/06-18) stages (cf. Figs. 4 and 5). Although it lags slightly behind the observed, the long line of parameterized convection at the mature stage agrees well with 1) the radar summary chart showing echo tops up to 40 000 ft (12 km, Figs. 4a, b) , 2) the satellite imagery (Fig. 5a) , and 3) the radar reflectivity over the PRE-STORM network (see Fig. 3d in Lin and Johnson 1994) . Most of the predicted precipitation is convective at this stage (not shown). The subsequent disintegration and maintenance of the squall system at its respective northern and southern segments are also well reproduced by the model (cf. Figs. 4b and 4d). Note that even after the northern portion of the squall system dissipated, deep but localized convective systems were still present along the front (cf. Figs. 4c,  d ). The model also reproduces two trailing precipitation regions at the mature to dissipating stages: one over Minnesota and the other over Oklahoma [cf. Figs. 4b, 4d, and 5b herein, and Fig. 4h in Lin and Johnson (1994) ].
As the squall system intensified, significant changes also took place at the surface, except for the high pressure zone over Wyoming, which was nearly quasi-stationary (see Figs. 6a, b) . For example, a pressure ridge, extending from the high pressure zone into central Oklahoma, was enhanced by diabatic cooling behind the convective line. One effect of this ridge was to split the frontal trough into two parts: one was the original mesolow being pushed northeastward and the other was a presquall mesotrough at the southern end of the squall system. Another effect of the intense evaporatively driven cold outflow, which was more evident during the daytime to the south of the surface mesolow, was to accelerate the movement of the (southern) squall line; it propagated at a speed of 8.6 m s Ϫ1 (Lin and Johnson 1994) , which was much faster than its northern counterpart (i.e., 4 m s Ϫ1 between 27/00-12 and 27/03-15). By 27/06-18, the southern portion of the squall line had traversed the PRE-STORM network.
A comparison between Figs. 6a,b and 6c,d indicates that the RFE model reproduces reasonably well the main surface features during the mature and dissipating stages, such as the low and high pressure centers over Iowa and Wyoming, the presquall mesotrough, and the cold outflow boundary. The model also captures reasonably well the orientation and propagation of the squall front (9 and 4 m s Ϫ1 for the southern and northern segments, respectively), which are strongly influenced by parameterized moist downdrafts in the FC scheme. The predicted squall front, however, exhibits a little weaker intensity than the observed at the formative stage, thereby causing the slightly slower movement of the gust front, especially for the southern segment of the squall system. The weaker intensity appears to be caused partly by the (3Њ-4ЊC) underprediction of surface temperature in the cloud-free region ahead of the cold front and partly by the less cold downdraft air in the FC parameterization.
It should be mentioned that there are several other deficiencies with the 18-h model prediction. For example, the model appears to have delayed the precipitation production over Arkansas by 6 h; similar results were obtained for the precipitation over North and South Dakota (see Fig. 4 ). Due to its relatively coarse grid size, the model is unable to resolve some small-scale features, such as the multiple convective lines and their associated pressure perturbations ahead of the surface front as described in Trier et al. (1991) . Nevertheless, the above results show that the RFE model captures reasonably well the main features of the squall line, and it can therefore be used in the following sections to investigate some meso-␤-scale structures of the system and the mechanisms responsible for the along-line variability of the squall's internal circulations.
b. Tropospheric structures
It is apparent from Fig. 7 that the model could reproduce well some typical meso-␤-scale structures of the squall line during the mature and dissipating stages. Specifically, a strong FTR ascending flow occurs within a deep, near-saturated layer from the leading convective line to the trailing stratiform region; its trailing segment at upper levels extends rearward a few hundred kilometers. This near-saturated region is characterized by negative moist potential vorticity (MPV) (not shown), implying the presence of moist symmetric instability. This instability develops as a result of transporting potentially unstable air from the presquall boundary layer into the FTR sloping ascent region, after being stabilized by upright convection at the leading line, a process as described by Zhang and Cho (1992) . Beneath the stratiform cloudiness, a systemrelative RTF current with a maximum speed of 16 m s Ϫ1 transports extremely dry midlevel air (with minimum relative humidity of less than 10%) into the system, thereby causing intense sublimative and evaporative cooling and descent near the leading edge of the current. This cold downdraft air penetrates into the boundary layer at the leading edge of the squall line and forms the surface squall front at which strong convergence occurs between the FTR and RTF currents. In some cases (e.g., the 10-11 June squall system), surface mesolows may form at the back edge of the stratiform region when adiabatic warming associated with the RTF descending flow exceeds diabatic cooling (see Johnson and Hamilton 1988; Zhang and Gao 1989 ). In the current case, however, both the prediction and the observations show a mesoridge or a weak mesohigh behind the system (see Figs. 6b, d) , indicating that diabatic cooling within the RTF descending current dominates. The development of wake lows appears to depend on the intensity of RTF descending flow, the low-level thermal lapse rates and moisture content, and the propagation of a squall system, as well as the intensity of large-scale baroclinicity.
The above circulations compare favorably to the 2D representations of the squall system analyzed by Trier et al. (1991) and Lin and Johnson (1994) . For instance, the Doppler radar analysis by Trier et al. (1991) shows the existence of a well-developed couplet of FTR and RTF currents as early as 27/00-12 (see their Fig. 21 ). Similar flow structures were observed by the PRE-STORM upper-air network (see Figs. 4 and 9 in Lin and Johnson 1994) . However, Lin and Johnson's analysis shows that 1) the midlevel RTF flow was very weak during the mature stage (i.e., 27/00-12) and strong at later stages when a midlevel mesolow formed, and 2) the rear inflow jet never extended forward into the leading convective line, as it did in the RFE prediction (see Fig. 7 ). These discrepancies, particularly for the descending portion of the RTF flow, appear to be attributable partly to the limited resolution of rawinsonde observations and partly to the along-line averaging length scale (about 300 km) they used. well two scales of circulations, that is, a large-scale trough, in which the squall system is embedded, and a mesolow in the trailing stratiform region of the system. Their orientations and relative locations are reasonably reproduced. Lin and Johnson (1994) also noted the development of such a midlevel low pressure zone during the dissipating stages. As will be discussed in sections 5 and 6, these two scales of circulations have significant implications with respect to the along-line variability of internal flow structures and weather conditions along the front.
For the sake of subsequent discussions, it is necessary to separate the mesoscale from the large-scale signals and determine the relationship between the squall development and the mesoscale pressure disturbances. These can be achieved by applying a simple scale-separation technique similar to that utilized by Maddox (1980a) to the height and temperature fields. First, the two fields are spatially filtered on two horizontal grid meshes with different resolutions (see filters 1 and 2 in Fig. 9 ). The low-resolution grid mesh (filter 2) only represents disturbances with wavelengths longer than 500 km (i.e., larger scale), whereas all the wavelengths greater than 150 km (i.e., meso-and larger scale) are included on the high-resolution grid mesh (filter 1). Then, a bandpass filter is obtained by subtracting the results of filter 2 from filter 1, thus yielding the characteristics of convectively generated perturbations on the scale of 150-500 km. It is evident from Figs. 10a,b that this scheme isolates well the vertical structure of mesoscale perturbations in the vicinity of the squall system from the larger-scale circulations. A midlevel mesolow and an upper-level mesohigh associated with the squall system are centered at locations where conver- gence and divergence are maximized, respectively. Apparently, the midlevel mesolow is hydrostatically produced by net warming in the FTR ascending flow and evaporative-sublimative cooling in the RTF descending flow, with its center situated at the interface between the warming above and cooling below, as has also been found by Zhang and Gao (1989) and Braun and Houze (1994) . In contrast, the upper-level mesohigh is produced by the net adiabatic and parameterized detrainment cooling above the intense updrafts and the net warming below. Such an upper-level mesohigh has been frequently observed (e.g., Fritsch and Maddox 1981a; Fritsch and Brown 1982; Maddox et al. 1981; Gallus and Johnson 1992) and simulated by other NWP models (e.g., Fritsch and Maddox 1981b; Gao et al. 1990 ). This feature can also be seen from the analysis of Lin and Johnson (1994) .
Along-line variability of deep convection
We have seen from Figs. 4 through 6 that the southern and northern segments of the squall line differ significantly in the longevity and organization of deep convection. The convective activity remained well organized in the southern segment at 27/06-18, but it dissipated shortly after 27/00-12 for the northern part. Thus, it is desirable to study first the along-line variability of organized deep convection before discussing the variable meso-␤-scale circulations of the squall system. Previous observational studies have also noted the along-line variability of convective initiation, internal structures, intensity, and movements of squall lines (e.g., Newton and Fankhauser 1964; Hane et al. 1987) . With the present 25-km grid size, it is impossible to investigate the along-line variability of convective cells as well as their interactions with prestorm environments. However, it is appropriate to examine the collective initiation of deep convection and its mesoscale organization using the model prediction, since the RFE model with the FC scheme reproduces very well the integral effects of deep convection along the squall line. In the FC convective scheme, parameterized convection is triggered when 1) grid-scale upward motion is strong enough to lift a parcel from the boundary layer to the level of free convection, and 2) the atmospheric column in which the parcel is lifted is conditionally unstable. With the FC scheme, NWP models have been shown to be capable of reproducing the development of many meso-␤-scale structures of MCSs (e.g., Fritsch 1986, 1988; Zhang and Gao 1989; Zheng et al. 1995) .
To help understand the along-line variability of organized deep convection, Figs. 11a, b show two composite presquall soundings at the respective southern and northern segments prior to the squall system's disintegration (i.e., 27/00-12). Here, the two composite soundings are generally similar in character, both exhibiting a well-developed daytime boundary layer, small convective inhibition (CIN), large CAPE, weak to negative vertical shears normal to the line in the lowest 200 hPa, and a high level of equilibrium temperature (i.e., 160 hPa). Although the well-mixed boundary layer in the north is slightly shallower, the general presquall thermodynamic conditions do not appear to cause the early dissipation of the northern convective activity. In fact, the CAPE in the north segment (3300 J kg Ϫ1 ) is greater than that in the south (2500 J kg Ϫ1 ), and the CIN is relatively smaller (cf. Figs. 11a,b) , indicating that the triggering and organization of deep convection should be less constrained to the north if other conditions are identical. Furthermore, the modeled gridpoint soundings are still conditionally unstable even over the dissipated convective region to the north at later times (not shown). It is quite possible that the interaction of convectivescale downdrafts with prefrontal wind shear may be less favorable for organized development (Rotunno et al. 1988 ). This does not seem to be the case on the current grid scale (25 km), since the model with the parameterized convection, in which such an interactive process is not included, reproduces well the dissipation of deep convection in the north.
An examination of the grid-scale forcing reveals that the longevity and organization of parameterized deep convection are determined more by the convergence in the boundary layer where deep convection is rooted. Specifically, the convergence is more intense along the southern portion of the squall system where the divergent cold current, enhanced by convectively generated cold downdrafts, meets the southerly flow along the cold front (see Fig. 12 ), making the initiation of parameter- ized convection relatively easier and its organization more sustainable over the region than in the northern segment. The most intense convergence takes place over western Oklahoma (Ϫ20 ϫ 10 Ϫ5 s Ϫ1 , as compared to Ϫ8 ϫ 10 Ϫ5 s Ϫ1 in the north) where the two currents with opposite directions intersect across the cold front, leading to the strong lifting of high-e air from the south (see Fig. 7 ), whereas their line-normal components decrease away from the region, more markedly northeastward along the cold front.
One may wonder how such variable low-level forcing structures could develop from the larger-scale flows that are relatively uniform in the vicinity of the squall line (cf. Figs. 3 and 6 ). This could be understood, in part, using the absolute momentum conservation principle. Namely, as the midlevel RTF (FTR) flow descends (ascends), it will be deflected to the right by the local Coriolis force. Hence, the surface cold current (over eastern Oklahoma) could be related partly to the midlevel (RTF) flow behind the trough axis (see Figs. 3 and 15) , as the colder air descends anticyclonically toward the surface. Note, though, that the large-scale northerly flow in the current case may be influenced partly by the channeling effect of the Rocky Mountains. It is evident that there will be little variability if it occurs only in two dimensions. It follows that the along-line variability of organized convection is mainly determined by the along-line variability in the low-level across-frontal flows, influenced by the midlevel descending flow and the large-scale northerly current parallel to the mountains, given the relatively uniform presquall environment.
Along-line variability due to large-scale circulation
We have shown that the southern segment of the squall system, that is, over the PRE-STORM network, contains many meso-␤-scale structures that are similar to those in the conceptual model of midlatitude squall lines (Houze et al. 1989) . In this section, we investigate whether these classic structures would appear at other portions of the squall line and then clarify the role of large-scale circulation in determining the along-line variability of the squall's internal flow structures. The effect of convectively generated disturbances will be discussed in the next section.
VOLUME 125 M O N T H L Y W E A T H E R R E V I E
To help examine the relationship between the alongline variability and larger-scale circulations, Figs. 13a,b compare the two-dimensional flow structures at the southern segment of the squall system to those at the northern segment during the mature stage. One can see that the prestorm environment is potentially unstable everywhere ahead of the cold front, with high-e air in the lowest 100 hPa (also see Fig. 11 ). However, the twodimensional circulations in the northern segment differ significantly from those in the southern one. Specifically, the southern squall system exhibits an RTF descending current that transports midlevel lower-e air downward into the boundary layer, whereas in the north there is little evidence of the RTF flow. Instead, there are two FTR (southerly) ascending flows that transport boundary layer high-e air upward: one along the frontal zone into the midtroposphere, causing potential instability in a shallow layer, and the other through organized deep convection into the upper levels (Fig. 13b) . These flow structures conform more or less to the development of more extensive, midlevel clouds in the north (see Figs. 5a,b) . In contrast, the stratiform clouds that developed in the south only appear in the upper troposphere, like those described in the Houze et al. (1989) conceptual model. Furthermore, the grid-scale upward motion is more intense at the southern segment of the squall line due to the presence of strong low-to midlevel convergence associated with the RTF-FTR flows; this in turn helps trigger collectively deep convection at the leading edge of the squall system, as discussed in the preceding section. Note that the above-mentioned differences between the southern and northern segments remain similar throughout the squall's life cycle.
In the next two subsections, we discuss separately the mechanisms that are responsible for the generation of the different two-dimensional circulation structures occurring at the southern and northern segments of the squall system.
a. The RTF descending flow in the southern segment
Rear inflow jets have been the focus of considerable research in recent years. Several hypotheses have been put forward to explain the development of rear inflow. For instance, Smull and Houze (1987) hypothesized that rear inflow could be generated by the forward acceleration associated with a convectively induced midlevel mesolow (on the meso-␤-scale) in the stratiform region and then by a hydrostatic pressure fall underneath warm convective updrafts (on the meso-␥-scale) in the leading convective region. Zhang (1992) extended the mesolow hypothesis to a midlevel mesovortex proposition by including the tilting of horizontal vorticity in the presence of descending motion and vertical shear near the back edge of a stratiform region. Lafore and Moncrieff (1989) and Weisman (1992) argued that the meso-␥-scale rear inflow may result from an RTF acceleration associated with buoyancy gradients at the rear of convective updrafts. Based on a two-dimensional simulation, Schmidt and Cotton (1990) attributed the development of a rear inflow jet to the downward deflection and channeling of an ambient RTF flow by convectively generated divergent outflow aloft (i.e., the ''blocking'' effect). Zhang and Gao (1989) showed that an upper-level jet stream could provide a favorable ambient RTF component that is driven downward by sublimative-evaporative cooling and then enhanced by a midlevel mesolow to form a mesovortex with intense mesoscale RTF flow. It is possible that several of the above mechanisms may operate together. Now let us examine if any of the aforementioned mechanisms could account for the production of the current rear inflow jet. It must be pointed out that the 25-km resolution model cannot resolve the meso-␥-scale lows under warm convective updrafts. However, it is unlikely that such small-scale pressure perturbations could play an important role in generating the extensive rear inflow in the current case. By comparison, the mid- level meso-␤-scale low (or mesovortex) can be well resolved by the 2.5-km grid size (see Figs. 8 and 10) . But this mechanism does not appear to be significant during the early stages, because the convectively generated mesolow or mesotrough is not evident until the mature to dissipating stages, that is, after 27/03-15, when resolvable-scale precipitation becomes more pronounced. What about the convective ''blocking'' or large-scale forcing effects? To help isolate these two processes with different scales, two steps are taken: 1) the scale-separation technique as described previously is applied to the 12-h control simulation (experiment CTL), and 2) a sensitivity experiment is conducted, in which neither convective-nor grid-scale condensation are included (experiment DRY), while keeping all the other physical parameters identical to experiment CTL. It is evident from Figs. 14a,b that convectively generated perturbations at the squall's incipient stage are negligible compared to the larger-scale contributions. This can be further seen by comparing the CTL and DRY runs: an RTF current with the scale and depth similar to those in experiment CTL is also present in experiment DRY (cf. Figs. 14a,c) . The basic flow structures between the two runs differ only at upper and lower levels in association with the respective convectively induced divergent outflow and cold descending flow. It follows that the majority of the resolved rear inflow jet at early stages was a manifestation of the large-scale RTF flow rather than the result of mesoscale processes such as blocking of an upper-level RTF ambient flow or acceleration by a midlevel mesolow.
Thus, examination of the large-scale flow should help reveal why an RTF current occurs in the southern segment of the squall line but not in its northern part. Figure  15 shows that the squall line is actually embedded in large-scale flows with a pronounced cyclonic circulation associated with the midlevel baroclinic trough and an anticyclonic circulation ahead (also see Fig. 3 ). It is apparent from this flow configuration that the RTF flow component depends on the location and orientation of the squall line with respect to the large-scale curved flow. In the current case, the RTF flow tends to be stronger in the southern portion of the squall system (i.e., near the base of the trough), whereas an intense FTR flow occurs in the northern segment (i.e., near the interface between the cyclonic-anticyclonic circulations). Note that because of the length scale and relative position of the squall line with respect to the large-scale cyclonic vorticity center, a midlevel ''line-end'' mesovortex is not generated near the northern end of the squall line, which is presumably a preferred location for the development of mesovortices, according to Zhang (1992) and Skamarock et al. (1994) .
It should be mentioned that this large-scale influence on the development of the RTF flow was not discussed by Trier et al. (1991) and Lin and Johnson (1994) , since their analyses domains (i.e., the PRE-STORM network) are too limited to see such a large-and mesoscale interaction. Nevertheless, Figs. 4d-f in Lin and Johnson (1994) do show the existence of intense midlevel RTF flow over a distance greater than 500 km behind the leading convective line, suggesting clearly the contribution of the ambient flow associated with the midlevel baroclinic trough to the existence of extensive trailing rear inflow. Therefore, the convectively generated mesolow or trough mechanism alone cannot explain the development of such a strong RTF flow (Ͼ16 m s Ϫ1 ). This point has also been emphasized by Zhang and Gao (1989) and confirmed by recent idealized simulations of the extremely intense 10-11 June 1985 squall line, which could only produce half of the observed RTF flow intensity without large-scale support (Yang and Houze 1995; Gallus and Johnson 1995) . This will be further discussed in section 6.
b. The FTR ascending flows in the northern segment
As can be seen from Figs. 12 and 13b, the low-level shallow FTR ascending flow in the northern segment of the squall system results from the overrunning of the large-scale southerly to southeasterly flow along the cold front. Furthermore, the grid-scale upward motion over the region is much weaker than that in the south (cf . Figs. 13a,b) . This result appears to be mainly due to the lack of appreciable grid-scale convergence associated with a rear inflow jet, since the prefrontal environmental stability is similar to that to the south (see Figs. 6, 11, and 13) . As a result, the upper-level warming and lower-level cooling, as shown for the southern segment in Fig. 10b , are weak in the northern portion, as is the convectively induced midlevel low-pressure zone (not shown). More significantly, these different circulation characteristics seem to account for the development of different weather conditions, namely, the wellorganized, long-lived MCS and upper-level stratiform cloudiness in the south versus the shorter-lived MCS and the two possible layers (i.e., at middle and upper levels) of cloudiness in the northern segment. In particular, the northern precipitation appears to develop with processes different from the upper-level stratiform region that occurred in the southern squall system, although they both take place in FTR ascending flows. Specifically, the FTR transport of high-e air tends to generate weak potential instability above the frontal zone (Fig. 13b) , causing the development of the midlevel cloudiness. Although it is not possible to verify this phenomenon owing to the limited resolution of observations, it has been noticed in other midlatitude frontal precipitation cases (e.g., Herzegh and Hobbs 1981; Parsons and Hobbs 1983) . The presence of two cloud layers suggests that the precipitation in the midlevel clouds may involve ''seeding'' from above by ice particles (Cunningham 1951; Herzegh and Hobbs 1981) .
c. Discussion
The above results clearly show that the large-scale circulations can play an important role in determining the squall's internal (meso-␤-scale) structures at different portions of the system, especially in the formation of low-to midlevel RTF and FTR flows. For a similar reason, the extent of upper-level FTR outflows may depend on the orientation of a squall line with respect to the direction and intensity of larger-scale flow aloft. The current finding of the large-scale control is significant, since previous studies have shown the important roles of elevated rear inflow jets and FTR ascending flow in determining the development and distribution of precipitation and surface phenomena within a squall system (see Zhang and Gao 1989; Weisman 1992; Gallus and Johnson 1995) . Specifically, the presence of an elevated and descending rear inflow jet has been shown to help increase mesoscale convergence or vertical motion, which frequently leads to the concentration of cyclonic vorticity (associated with midlevel mesolows) through tilting of horizontal vorticity and vortex stretching Houze 1985, 1987; Zhang 1992) and to the development of surface wake lows and ''gust'' winds (Johnson and Hamilton 1988; Rutledge et al. 1988; Zhang et al. 1989 ). The midlevel mesovortex (or mesolow) will clearly in turn reinforce the RTF flow to the south (see Zhang 1992) . On the other hand, the FTR ascending flow is often correlated with the formation of trailing stratiform precipitation (Houze et al. 1989; Zhang and Gao 1989; Biggerstaff and Houze 1991a; Braun and Houze 1994) . Therefore, if high-resolution NWP models could predict reasonably well the location of squall lines with respect to tropospheric large-scale or short-wave disturbances, a significant improvement in quantitative precipitation forecasts (QPFs) and severe weather warnings may be achieved.
In fact, a literature survey of observational studies reveals that an intense rear inflow jet occurs frequently in squall lines with favorable larger-scale circulations. For example, rear inflow jets have been observed near the base of deep mid-to upper-level troughs (e.g., Ogura and Liou 1980; Chang et al. 1981; Kessinger et al. 1987) and midlevel short-wave troughs (e.g., Leary and Rappaport 1987; Johnson and Hamilton 1988) , in easterly wave troughs (e.g., Zipser 1969; Houze 1977) , and in regions of midlevel westerly flow (e.g., Fankhauser et al. 1992) . After all, midlatitude squall lines tend to develop in association with moderate to intense baroclinic disturbances, as distinguished from other types of MCSs (Maddox 1980b) culations could be modified by such preexisting largerscale (RTF-FTR) flows, since most of the previous cloud modeling studies only assumed near-vanishing system-relative flows overlying a sheared boundary layer (e.g., Thorpe et al. 1982; Rotunno et al. 1988; Lafore and Moncrieff 1989) . Obviously, to provide a complete understanding of the multiscale interactive processes in the current case, one has to run a numerical model with a grid size that is small enough to resolve individual convective cells but with a domain that is sufficiently large to include the midlevel traveling short-wave trough.
Along-line variability due to mesoscale circulation
As previously shown, there are two scales of circulations affecting the along-line variability of the current squall system: the baroclinically driven large-scale and the convectively generated mesoscale disturbances, particularly during the mature to decaying stages (see Fig.  8 ). In this section we focus only on the along-line variability of the squall's circulations due to the convectively induced midlevel mesolow and upper-level mesohigh, although the large-scale flow always exerts an important influence on the structure and evolution of the squall system.
It is evident from Fig. 16 that corresponding to the midlevel mesolow, there is an elongated zone of confluence (or convergence) between the FTR and RTF flows that is superposed on the large-scale cyclonic flow in the trailing stratiform region. Moreover, streamlines exhibit greater curvature in the vicinity of the mesolow, indicating the generation of three-dimensional meso-␤-scale structures associated with the squall convection. To help gain insight into the relationship between the mesolow and the along-line variability, horizontal momentum budgets at 500 hPa are calculated with the Lagrangian momentum equation
dt where vЈ is the horizontal wind vector relative to the squall line, f is the Coriolis parameter, k is the unit vector in the vertical direction, is the geopotential height, and c is the propagation vector of the squall line. Equation (1) represents a horizontal force balance among the inertial acceleration, the Coriolis force, and the pressure gradient force (PGF) in the framework relative to the squall line. Note that the term f k ϫ c has been included in the PGF calculation because of the use of the systemrelative framework. Note also that the effect of numerical diffusion has been neglected in Eq. (1). Figure 17 presents a 500-hPa map of geopotential heights and a few system-relative streamlines taken from Fig. 16 superposed with force-balance diagrams at some selected points in the vicinity of the squall system. The basic flow patterns at 500 hPa resemble those at 700 hPa (cf. Figs. 8b and 17) , except that the convectively generated mesohigh becomes more evident at higher levels (see Fig. 10a ). One can see that air parcels far behind the squall line (e.g., at points 1-3) are influenced little by the convectively induced pressure perturbations; they are almost in a geostrophically balanced state with the larger-scale trough. For air parcels closer to the mesolow, however, the situation is quite different. Specifically, these parcels are forced by PGF to accelerate into the low pressure zone, while the Coriolis force tends to deflect them rightward (e.g., at points 4-9). Thus the PGF forces them to converge along the mesotrough axis, while the Coriolis force causes the parcels in the large-scale RTF southwesterly (FTR southerly) flow to be accelerated toward the south (north) of the PGF vectors. The net result is that more intense RTF (FTR) flow occurs slightly to the south (north) of the mesolow (cf. Figs. 16 and 17) . This reveals that the mesolow mechanism is indeed operative during the mature to decaying stages, as discussed by Trier et al (1991) and Lin and Johnson (1994) . However, because of the presence of intense vertical motion and strong vertical shear in the vicinity of the mesolow, the midlevel mesoscale rear inflow could be viewed as part of a mesovortex circulation that results from the downward transport of the large-scale RTF momentum aloft (see Gao et al. 1990; Gallus and Johnson 1992) and the enhancement by both the tilting of horizontal vorticity and the vortex stretching (see Zhang 1992) . It is important to point out that this RTF downward momentum transport is driven by the sublimative-evaporative cooling at the back edge of the stratiform region, which differs from the ''blocking'' hypothesis of Schmidt and Cotton (1990) .
To further examine the along-line variability of the squall system due to the convectively generated perturbations, Fig. 18 compares the relative flow and PGF normal to the line between three different cross sections around the midlevel mesolow. Note that the depth of convectively generated disturbances is greater toward the south of the mesolow. As can be expected, most of the FTR and RTF accelerations occur in regions of large positive and negative PGF, respectively; the larger the PGF, the greater the FTR and RTF acceleration. This is particularly true for the cross section through the center of the mesolow (Fig. 18b) . This result is consistent with the numerical momentum budget by Gao et al. (1990) and Gallus and Johnson (1992) , who showed that PGF provides important contributions to the acceleration of both FTR and RTF flows. However, the RTF flow in the southern cross section is stronger than that in the middle one (cf . Figs. 18b,c) , in spite of the presence of smaller PGF values in the region. As demonstrated in the force-balance diagrams in Fig. 17 , this is due partly to the deflection of the rear inflow and partly to the large-scale support. On the other hand, the elevated RTF flow is weaker to the north of the midlevel mesolow (see Fig. 18a ), similar to the findings of Zhang and Gao (1989) .
While the mesolow (mesovortex) mechanism is operative during the mature stage, it is unclear how significant it is compared to the large-scale support. Thus, the net (i.e., direct and indirect) effect of the squall convection needs to be isolated from that associated with the large-scale circulation by subtracting the linenormal flows in experiment DRY from those in experiment CTL. As seen in Fig. 19 the squall convection could induce, without any large-scale support, the typical two-dimensional flow structures, such as the overturning ascending flow ahead, an FTR penetrative flow into the upper-level trailing stratiform region, and an RTF flow down to the surface. However, the scale of the convectively generated RTF flow component (200 km) is much shorter than that associated with the largescale flow (cf. Figs. 14 and 19) . Moreover, the convectively generated RTF flow, on average, is about 50% to 60% of the predicted full intensity. Note, though, that part of the magnitude is caused by the phase difference of the squall lines between experiments CTL and DRY. Nevertheless, the results clearly provide further evidence on the scale interaction involved in the development of rear inflow jets as found by Zhang and Gao (1989) . It is evident that both the convectively generated FTR and RTF accelerations to the south of the mesolow are stronger than those to the north, due to the presence of more intense PGF associated with the mesohigh and mesolow. In addition, the differenced FTR flow becomes more horizontally distributed and the upper portion of the overturning flow diminishes as the cross section is shifted northward (Fig. 19a) .
Summary and conclusions
In this study, an improved research version of the RFE model has been used to investigate the along-line variability of vertical circulation structures of a frontal squall line that occurred on 26-27 June 1985 during PRE-STORM. This version of the RFE model is similar to that used operationally at CMC except for the use of a high-resolution grid length and different treatments of subgrid-and grid-scale condensation. It is shown that the model reproduces reasonably well a number of basic surface features and tropospheric flow structures, as verified against available network observations. They include the initiation, propagation, and dissipation of the squall system; surface pressure perturbations and cold outflow boundaries; a midlevel mesolow and an upperlevel mesohigh; an FTR ascending flow overlying an intense RTF flow; and a leading convective line followed by stratiform precipitation regions.
The across-line circulations along the northern segment of the squall line differ substantially from those along its southern segment. In particular, the classic squall-line structures that appeared in the southern segment do not develop in the northern portion of the squall system, such as the rear inflow jet, the midlevel mesolow and surface pressure, and temperature perturbations. Instead, there are two FTR flows that are bifurcated at the leading squall front: one transports the boundary layer high-e air into the upper levels and the other transports it along the frontal zone into the midtroposphere. This appears to help generate trailing cloudiness in the middle and upper parts of the troposphere.
To investigate the scale interaction involved in the development of the along-line variability, a scale separation technique is applied to the control integration and a comparison of the control run with a ''dry'' simulation is conducted. Both the scale analysis and the simulation comparison reveal that the along-line variability of the squall's internal circulations results primarily from the interaction of convectively generated pressure perturbations with a midlevel baroclinic trough, as depicted in the conceptual model given in Fig. 20 . This conceptual model shows that the squall's vertical circulation structures depend on the location and orientation of the squall line with respect to the large-scale VOLUME 125 M O N T H L Y W E A T H E R R E V I E W trough and the mesoscale disturbances. Specifically, the large-scale trough provides an extensive RTF flow component near its base (i.e., in the southern segment) and a favorable FTR flow component in the northern portion of the squall system (see Fig. 20a ). This large-scale contribution to the along-line variability is especially significant during the system's formative stage. In contrast, the convectively induced mesoscale disturbance tends to determine the internal circulations of the squall system in the south during the system's mature to dissipating stages (see Fig. 20b ). In particular, the midlevel mesolow (mesovortex) and upper-level mesohigh help accelerate the rear inflow jet and the divergent FTR outflow in the trailing stratiform region, respectively. The low-to midlevel mesoscale rear inflow results from the downward transport of the larger-scale RTF momentum aloft, which is then enhanced by the mesolow or mesovortex circulation. It has been demonstrated through force-balance diagrams that the rear inflow jet tends to be more intense to the south of the mesolow (mesovortex), rather than near the center of the mesolow (mesovortex), due to the deflectional effect of the Coriolis force. This enhanced RTF flow increases the convergence and upward motion in the low to midtroposphere, thus leading to the development and organization of a more intense and longer-lived convective system in the southern segment of the squall system.
In conclusion, we may state that the vertical circulation characteristics along different parts of a midlatitude squall line are dependent on multiscale interactions, namely, from the development of deep convection to convectively generated mesoscale disturbances (e.g., mesolows and mesohighs) and large-scale circulations (e.g., baroclinic troughs and jet streams). The classic two-dimensional structures may only develop at certain, but not all, portions of squall lines. In particular, the rear inflow component, which is often correlated with organized convective development, vorticity concentration, and trailing stratiform precipitation, tends to be more intense to the south of a midlevel mesolow and near the base of a large-scale trough. In other cases, the rear inflow and upper-level FTR outflow may not develop, depending upon the distribution and orientation of squall lines with respect to their larger-scale curved flows as well as the intensity of the large-scale flows and squall convection.
Although the above conclusions are drawn from only a single squall-line study, they are more or less supported by previous studies of midlatitude squall lines. Hence, these results may have important implications for the improvement of QPFs and severe weather warnings by operational NWP models, like the one used for the current study, since some intense meso-␤-scale circulations of MCSs may be more related to meso-␣-or larger-scale disturbances. It should be mentioned, however, that to provide an adequate understanding of the influences of the convectively generated mesolow and the larger-scale trough on the development of convective cells along the leading line, one has to run a numerical model with a grid size that is small enough to resolve individual convective clouds but has an integration domain that is large enough to include the evolution of the midlevel baroclinic trough.
